n BACKGROUND AND OBJECTIVE: To investigate the performance of an automated foveal center detection algorithm on spectral-domain optical coherence tomography (SD-OCT).
INTRODUCTION
Optical coherence tomography (OCT) is a noninvasive imaging modality that provides high-resolution quantitative measurements of retinal thickness. Conventional time-domain OCT used six intersecting radial lines to measure retinal thickness in the central macula. The accurate placement of each of these diagonal scans depended on the operator. The measurement of central retinal thickness became an important tool for objectively monitoring disease progression and response to therapy in clinical practice and in clinical trials. [1] [2] [3] [4] More recently, spectral-domain OCT (SD-OCT) technology has provided higher image resolution and faster scanning speeds, which have permitted higher density scanning of the macula. Although the Stratus OCT instrument (Carl Zeiss Meditec, Inc., Dublin, CA) has a scanning speed of 400 A-scans per second, the Cirrus HD-OCT instrument (Carl Zeiss Meditec, Inc.) has a scanning speed of 27,000 A-scans per second and can perform a scan of the macula using 40,000 A-scans, distributed in a 200 3 200 raster array, in less than 2 seconds. This higher density scan pattern improved the quality and reliability of retinal thickness measurements in normal eyes. [5] [6] [7] The Stratus OCT and most SD-OCT instruments have software that measures retinal thickness based on automated segmentation algorithms that identify the anatomic retinal boundaries. Typically, the measurements within the macula are organized using the Early Treatment of Diabetic Retinopathy Study (ETDRS) grid. This ETDRS macular grid includes nine subfields. The most commonly used subfield is the central circle measuring 1 mm in diameter. When acquiring scans using any OCT technology, the goal in most instances is to place the scan so that the scan center and the actual foveal center coincide. In the Cirrus OCT instrument, this placement is obtained using a fixation target and can be manually adjusted if necessary. This way, the retinal thickness measurement within the central 1-mm circle of the ETDRS grid represents the thickness in the central macula. It is this central subfield that should most closely be associated with visual acuity.
In the central macula, retinal thickness measurements can be highly dependent on the scanning position because of the special geometry of the foveal depression. 8 Even in normal eyes, thickness measurements can vary by as much as 60 to 70 µm if the scan is not centered on the fovea. 5, 8, 9 However, in a dense OCT raster scan, the foveal center can generally be identified using a postacquisition analysis. The position of the foveal center is determined by inspecting the entire OCT dataset to find the spot where the geometry of the inner retinal layers best matches the known anatomical configuration in the fovea. This strategy is implemented manually to generate a "true" location of the foveal center.
The purpose of this study was to compare the true location of the foveal center with the foveal center identified by the automated algorithm on the Cirrus OCT instrument and the foveal center produced by the participant's fixation (ie, the geometric center of the OCT dataset). The impact of the differences in the location of the foveal centers on central macula thickness measurements was then analyzed.
PATIENTS AND METHODS

Patients
Healthy normal volunteers and patients with drusen related to non-exudative age-related macular degeneration (AMD) were imaged for this study. All normal volunteers had visual acuity of at least 20/40, spherical error within ±6.0 diopters (D), and no evidence of any other ocular diseases. The patients with non-exudative AMD were enrolled from the outpatient department of Bascom Palmer Eye Institute. The study was approved by the institutional review board of the University of Miami Miller School of Medicine and was compliant with the Health Insurance Portability and Accountability Act of 1996. Written informed study consent was obtained from all participants before any scans were obtained.
OCT Scans and Data Acquisition
All eyes were scanned with the Cirrus OCT instrument by a single experienced technician who was certified by image reading centers for OCT imaging in multicenter clinical trials. For this study, we used the 200 3 200 raster scan pattern. This scan pattern covers a 6 3 6 mm area on the retina with a homogeneous sampling grid of 200 horizontal B-scans with 200 A-scans per Bscan. The A-scans are separated by 30 microns in both the horizontal and vertical directions. Each participant had both eyes scanned. The scans were centered on the fovea based on the participant's fixation. The operator checked en face retinal landmarks to screen for apparent problems with the scan location and no problems were reported for any of the eyes in the study. The operator was responsible for quality control during acquisition by repeating scans that were affected by obvious motion artifacts or were otherwise determined to be of poor quality. In the normal volunteers, one eye was randomly selected for the final analysis. In the patients with AMD with bilateral drusen qualifying for inclusion, only the right eye was included. All image quality scores were at least designated as a 7 on the instrument printout. The anatomic boundaries on all B-scans were reviewed by at least two imaging specialists to ensure that the internal limiting membrane (ILM) and retinal pigment epithelium (RPE) layer were accurately identified by the automated segmentation algorithms. All OCT fundus images were examined post-acquisition to confirm that no discernible motion artifacts were present.
Evaluation of Differences in the Automated and Manually Derived Retinal Thickness Measurements
The relative location of the foveal center in each SD-OCT dataset was reported as x and y coordinates based on the 200 3 200 sampling grid. The y-position represents the B-scan position within the cube, with 1 being the topmost B-scan, and the x-position is equal to the A-scan position within the B-scan, from left to right. Three sets of foveal center coordinates were evaluated: the geometric scan center (SC), the automated foveal center (AF), and the manually detected foveal center (MF). By definition, the SC had the coordinates of (100, 100). The AF was automatically identified by the Cirrus OCT software, and the coordinates were revealed in the macular thickness analysis window. The MF was detected by two retinal imaging specialists (FW, BJL), who established a consensus location using the unique anatomic characteristics of the foveal center. This method was described by Lujan et al. previously. 5, 10 The determination of the foveal center was based on the lowest point of the foveal depression on both horizontal and vertical planes and the absence of inner retinal landmarks with the ILM boundary overlying the outer nuclear layer (Figure 1 ). The radial distances from the MF to the SC and the MF to the AF were calculated. The different coordinates of the SC, AF, and MF were then used as the center of the ETDRS plot for the two-dimensional thickness maps. The ETDRS grid consists of three concentric rings with diameters of 1, 3, and 6 mm. The standard nine retinal subfields are central, inner superior, inner nasal, inner inferior, inner temporal, outer superior, outer nasal, outer inferior, and outer temporal. The three different foveal center coordinates were then used to generate three sets of retinal thickness measurements, which were obtained for all subfields and compared in all cases.
Statistical Analysis
Statistical analysis was performed by commercial software (SPSS version 16.0; SPSS, Inc., Chicago, IL). The radial offsets between centers and retinal thickness difference were compared using the paired Student's t test. Correlations between radial offsets and central retinal thickness difference were computed with the Spearman correlation coefficient. All P values are twotailed; values of .05 or less were deemed to indicate statistical significance.
RESULTS
Fifty normal participants and 50 patients with nonexudative AMD were enrolled in this study. All foveal centers were successfully identified in all participants. Table 1 shows the mean distances between the MF and the SC and the MF and the AF. The radial distances been the MF and the AF were smaller for both the normal participants and the patients with AMD compared with the distances been the MF and the SC. These dif- Figure 1 . Determination of the foveal center coordinates in optical coherence tomography scans. The coordinates of the foveal center were determined based on the lowest point of the foveal depression on both horizontal (upper left) and vertical (lower left) planes and the absence of inner retinal landmarks with the internal limiting membrane boundary overlying the outer nuclear layer. The coordinates of the scan center (x = 100, y = 100) were recorded and the corresponding macular thickness map in the Early Treatment of Diabetic Retinopathy Study region (lower right) was generated by the machine's built-in software.
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ferences were statistically significant. Figure 2 depicts the radial distances between the true foveal center as determined manually (MF) and the foveal centers identified as the scan center (SC) and with the automated algorithm (AF).
The different foveal center coordinates were used to obtain different ETDRS thickness maps. Mean macular thickness measurements for each of the nine standard subfields are shown in Table 2 . As expected, the measurement most sensitive to small differences in fovea placement is the central retinal thickness (CRT).
In normal participants, the difference between CRT AF and CRT MF was not statistically significant (P = .537; 95% confidence interval = -0.13, 0.25), whereas the difference between CRT SC and CRT MF was statistically significant (P = .027; 95% confidence interval = 0.50, 7.74). The mean value of the deviation between the CRT measurements using AF and MF (deviation AF = absolute value of CRT AF -CRT MF ) was 0.22 ± 0.64 µm and the deviation in CRT measurements between the SC and MF (deviation SC = absolute value of CRT SC -CRT MF ) was 4.3 ± 12.7 µm. The difference between deviation AF and deviation SC was statistically significant (P = .028; 95% confidence interval = 0.46, 7.66).
In eyes with non-exudative AMD, the difference between CRT AF and CRT MF was statistically significant (P = .001; 95% confidence interval = -2.67, 0.69) and the difference between CRT SC and CRT MF was also statistically significant (P < .001; 95% confidence interval = 2.00, 6.64). The deviations were 2.3 ± 3.1 µm (|CRT AF -CRT MF |) and 6.2 ± 6.9 µm (|CRT SC -CRT MF |), respectively. The difference between deviation AF and deviation MF was statistically significant (P < .001; 95% confidence interval = 1.798, 5.721).
In both groups, the CRT deviation using the AF and SC tended to increase with their radial distances to MF (at least in the range of distances considered here). The dependence between CRT deviation and distance from AF and SC to MF is well described by a quadratic model (Figure 3) , as suggested by the foveal geometry. In the normal participant, the fit was stronger (R 2 = 0.99) than in the patients with AMD (R 2 = 0.46). The difference between the two quadratic fits was statistically significant (P < .001).
DISCUSSION
Automated detection of the foveal center improved the accuracy of retinal thickness measurements compared with measurements obtained using the center of the scan as the foveal center. This outcome suggests that even with a macula free of pathology, good fixation, and an experienced operator, the geometric center of the scan can stray somewhat from the actual fovea. In a previous study, Legarreta et al. used a manually detected fovea to obtain retinal thickness measurements in normal participants. 5 They also demonstrated that an improperly centered fovea could result in thickness maps that were different from the thickness maps obtained using the true manually detected foveal center. One of the important advantages of SD-OCT over time-domain OCT is its potential for quality control, both during and after acquisition. The speed of SD-OCT makes it possible to acquire a large number of A-scans densely covering an extended retinal area. It is then possible to improve the accuracy of measurements such as retinal thickness by controlling various sources of measurement variance, such as eye motions and scan location. During image acquisition, the correct placement of the scan at the foveal center depends on the patient's cooperation and ability to maintain fixation and the operator's judgment. In addition, small changes in scan position secondary to microsaccades will contribute to the variability of retinal thickness measurements.
The current study demonstrated the value of the Cirrus OCT automated foveal center detection algorithm. Although the differences in retinal thickness measurements were small overall, particularly in eyes with normal anatomical contours, there were certainly cases in which the difference was considerable. Furthermore, the differences would be expected to be greater in eyes in which the retinal landmarks are obscured by macular pathology and/or patients with poor fixation. The auto- mated foveal center detection algorithm performed well on our sample and gave more accurate results than using the geometric scan center. Although the accuracy of the automated foveal center detection algorithm might deteriorate somewhat in the presence of more complex pathologies, it is likely to still represent an improvement, compared to using the scan center, in most situations.
In the normal participants, the automated foveal center was close to the manually detected foveal center with a shift, on average, of approximately 1 pixel, whereas the geometric center of the scan showed an average shift of approximately 3 pixels. In eyes with drusen, the average shift increased to approximately 3 and 6 pixels for the automated foveal center and the scan center coordinates, respectively. This demonstrates both an increased difficulty in identifying the foveal center correctly for the automated algorithm and a higher variability in the scan placement when the normal retinal anatomy is disrupted. These differences would be expected to be much greater in some situations, particularly in eyes with pathologies significantly affecting the structure of the inner retina. The distributions of the position of the geometric scan center positions showed a negative bias for Y SC -Y MF , especially in normal eyes (Figure 2 ). This might suggest a tendency for patients to look up during the test or may be related to the particular instrument, such as a calibration and/ or stability problem with the fixation target.
A major limitation of post-acquisition detection of the foveal center involves the difficulty in identifying the foveal center when the retinal anatomy is substantially abnormal. In eyes with significant disruption of the retinal anatomy, particularly in the inner retina, such as eyes with macular edema, the algorithm that detects the foveal center may not perform well or fail altogether. There are certainly situations when it is difficult to detect the foveal center manually with any degree of confidence.
Automated post-acquisition foveal detection is reliable in normal eyes and in eyes with drusen, although there will likely be limitations in eyes with significant retinal pathology. Automated foveal center detection resulted in more accurate retinal thickness measurements compared with measurements that relied on the scan center as the foveal center. Whether the foveal center is determined automatically or manually, post-acquisition assignment of the foveal center provides the opportunity to more accurately detect changes in retinal thickness when monitoring eyes with macular diseases. 
